Introduction
Hybrid zones are regions where genetically different populations meet and interbreed to produce hybrids (Barton & Hewitt, 1989) . Hybrid zones appear to be common; Hewitt (1989) noted that in many groups one-third to one-half of the species are subdivided by hybrid zones. Hybrid zones may be wide or narrow, and may or may not be associated with ecotones.
Hybrid zones fall into three principal categories: those maintained by selection against hybrids (tension zones), those maintained by selection along an environmental gradient and those in which there is equivalent selection on the allelic differences between the two races resulting in the dine of allele frequencies in the *Con.espondence hybrid zone becoming more and more shallow with time (Hewitt, 1989) .
In cases in which species occur in abutting habitats, and if they hybridize where they come into contact, the resulting hybrid zone will be in the ecotone produced where the habitats abut. Hewitt (1989) observed that many hybrid zones occur along ecotones. In these cases one may observe parallel dines in allele frequencies across many genetic loci. These dines in allele frequencies seemingly closely parallel dines in environmental parameters (e.g. temperature, salinity). Other loci may not vary clinally; presumably these loci are not affected by selection by the parameters that vary across the ecotone.
Alternatively, a rapid environmental gradient may lead to a hybrid zone within a species. This could result from strong selection across many loci in response to selection along an environmental gradient across a short geographical distance. Brown & Chapman (1991) demonstrated a situation in two subspecies of Fundulus heteroclitus where two populations which had apparently diverged in allopatry maintained some of their differences after recontact with a dine in characters across an environmental gradient.
The question is, therefore, how to differentiate strong dines in morphology and allelic isozymes which result from hybridization and restricted gene flow across an ecotone vs. those dines which result entirely from selection on the populations of a species which happen to cross an ecotone, i.e. the presence of a hybrid zone even though there is no barrier to gene flow.
The Fundulus majalis-Fundulus similis species complex includes three nominal species: F. majalis (Walbaum) , F. similis (Girard) and F. persimilis Miller. They are small fishes of the family Cyprinodontidae and typically occur in brackish waters of intracoastal waterways, low energy coastlines and estuarine lagoons. Fundulus majalis ranges continuously, or nearly so, along the coast from New Hampshire (Jackson, 1953; Brown, 1957) southward to northeastern Florida. Except for the region in southeast Florida between Lake Worth and Miami, Fundulus similis is continuously distributed from northeastern Florida around the Florida peninsula and along the coast of the Gulf of Mexico to Tampico, Mexico (Miller, 1955; Relyea, 1983) .
Based on presumed sympatry of the two forms inthe Matanzas River in northeastern Florida, approximately 25 km north of the Flagler Beach area, Miller (1955) concluded that F. majalis and F. similis were distinct species. Brown (1957) also recognized both species, and in his key to the species of Fundulus used head length to distinguish them. However, Relyea (1983) concluded that F. majalis and F. similis were conspecific. He showed that from north to south along the Atlantic coast head length, pigmentary patterns and other diagnostic characters varied continuously from F. majalis-Iike to F. similis-Iike. Relyea (1983) also suggested that gene flow from the nominal F. majalis into the disjunct Florida east coast population of the nominal F. similis had distinguished this population from other F. similis populations in the Florida Keys and Gulf of Mexico.
When Relyea (1983) concluded that F. rnajalis and F. similis were conspecific, he reported that the diagnostic features changed sharply as geographical samples were measured along a north-south transect over a linear distance of only 30 km in a coastal marsh in northeastern Florida. The purpose of this investigation was to determine the extent and nature of gene flow between the two nominal forms in this 30 km of marsh, and therefore to test Relyea's (1983) hypothesis that they are conspecific. The results should also provide insight into the nature of hybrid zones.
Materials and methods

Materials
Specimens were collected from the 20 localities listed below, placed on dry ice and returned to the laboratory where they were stored at -70°C until used for electrophoresis. The localities were chosen based on morphological and meristic evidence described in an earlier study of the species complex (Relyea, 1983) . Sixty individuals per locality were assayed except for the Georgia locality (sample 2, 38 individuals) and the Carrabelle, Florida locality (sample 20, 20 individuals). The sample numbers correspond to those of Fig. 1 Electrophoretic methods Protein samples for electrophoresis were obtained by homogenizing individual fish in an equal volume of chilled distilled water. The resultant slurry was centrifuged at 25000 g at 4°C for 60 mm. The supernatant of water soluble proteins was decanted and stored at 4°C overnight, a maximum of 18 h prior to electrophoretic separations. To determine the specific origin of each enzyme studied, organ extracts were analysed separately.
In a preliminary survey, 26 proteins were routinely surveyed in 20 individuals from each population (Table 1). Following the initial survey, five polymorphic systems (Ada-A, Est-3, slcdh-A, sMdh-A, and Pgm-A) were evaluated for 40 additional individuals of most populations. However, as our survey proceeded and the pattern of genotypic variation became evident, we surveyed additional loci in an attempt to gain more information. This survey consisted of comparing five fish from a 'majalis' locality (population 2, near Savannah, Georgia) to five fish from a 'similis' locality (population 20, near Carrabelle, Florida). These loci were acid phosphatase, adenylate kinase, alcohol dehydrogenase, aldehyde oxidase, aldolase, creatine kinase, fumarase, beta galactosidase, glutamate dehydrogenase, glycerol dehydrogenase, hexokinase, mannose phosphate isomerase, nucleoside phosphorylase, octanol dehydrogenase, sorbitol dehydrogenase, succinate dehydrogenase and xanthine dehydrogenase. No important variation was found at these loci, and they were no longer assayed.
Our techniques of starch gel electrophoresis were similar to those described by Brewer (1970) and Selander et a!. (1971) (see Table 1 for electrophoretic conditions). The stain for Gludh was modified from Buth & Berg (1979) HYBRID ZONES AND ECOTONES 119 (1980) and Crabtree & Buth (1981) . When electromorph (allelic) variation was observed, the electromorph with the greatest anodal migration was called a, the next b, and so on.
Analytical methods
Individual genotypes for each protein were assigned based on standard methods (Brewer, 1970) of gel interpretation. These presumed genotypes were entered into aiosys-i (Swofford and Selander, 1981) for computer analysis.
To determine general patterns of gene frequency distributions and genetic differentiation among populations, Nei's (1978) genetic identity and distance estimates were calculated. These methods were used to construct phenograms by the UPGMA method.
Additional clustering algorithms were used and the method that yielded the greatest cophenetic correlation was chosen.
As another measure of genetic differentiation we computed Wright's (1978) F-statistics. In one population model that we used, the total population (T) was subdivided into two subpopulations (S) on the basis of species and the geographical samples (1) were considered as individual units of their respective species. Because Relyea (1983) suggested that differentiation may exist within local clusters of populations of F. similis, we analysed another population model. In this model, four subpopulations (S) of the total (T) population were defined based on a Nei's genetic identity of 0.98, as evident on the phenogram (Fig. 2) . For both population models, FST represents the variance in allele frequencies among subpopulations, F represents the reduction in heterozygosity of an individual relative to the total population, and F15 represents the reduction in heterozygosity of an individual due to nonrandom mating within its subpopulation.
To determine whether observed allele frequencies and genotypic frequencies were in agreement with Hardy-Weinberg predictions, we first tested each geographical sample for each locus individually.
Following this analysis, we used x2to determine homogeneity within each nominal species and within the entire sample. We used Slatkin's (1985) method to estimate the degree of gene flow through the area of transition (Flagler County) of the two nominal species.
We estimated linkage disequiibria within populations using the maximum likelihood methods of Weir & Cockerham (1989) . Disequilibria were estimated using the FORTRAN listing provided by Weir (1990) . This method produces six disequilibrium coefficients from two-locus, two-allele data. Weir & Cockerham's (1989) model permits the simultaneous estimation of the two single-locus disequilibria, DA and DB, the composite digenic disequilibrium iAB, the two trigenic disequilibrium estimates DABB and DAAB, and the composite quadragenic disequilibrium estimate AAABB. Because five loci varied along the dine from F. ma/ails in the north to F. similis in the south, we calculated a total of 10 disequilibrium estimates of each type for each population.
Results
Electrophoretic results
Of the 27 loci coding for proteins surveyed in this study, 19 were monomorphic or nearly so (frequency of the common allele in all populations >0.95).
Although Est-2 and Cat were polymorphic, they were difficult to score consistently and were omitted from analysis. The observed genotypes for the remaining five polymorphic loci are reported in Table 2 .
When gene frequencies were used to estimate genetic distance and similarities, Nei's (1978) (1) aa (1) aa (49) aa (45) bc (19) bc (2) ab (9) ab (11) ab (11) cc (1O) be (6) ac (3) ac(1) cc (1) bb (20) bb (3) cd (4) bc (22) ce (14) cc (5) dd (1) de (7) ee (24) (7)17.5kmS.FlaglerCo.line bb (26) bb (1) aa (4) a+a (1) aa (40) bc (27) bc (5) ab (23) aa (26) ab (18) cc (7) bd (1) ac (4) ab (23) bb (2) be (5) bb (16) bb (1O) cc (7) bc(1O) cd (3) cc (3) ce (17) de (4) ee (17) (8)18SkmS.FlaglerCo.line bb (14) bb (1) aa (9) aa (23) aa (41) bc (29) bc (7) ab (20) ab (20) ab (13) cc (16) bd (1) ac (5) bb (16) bb (4) be (3) bb (7) bc (1) cc (8) bc (14) cd (4) cc (4) ce (19) dd (1) de (4) ee (11) (9)19.3kmS.FlaglerCo.line bb (18) ac (1) aa (8) aa (17) aa(31) bc (32) bb (1) ab (26) ab (28) ab(24) cc (1O) bc (4) ac (9) bb(15) bb(5) bd (2) bb(14) be (3) bc (2) cc (15) cc (1) cd (2) ce (25) cf (1) de (2) ee (4) (1O)2OkmS.FlaglerCo.line bb (20) bc (11) aa (12) aa (15) aa(34) bc (25) be (9) ab (16) ab (27) ab (21) cc (15) cc (12) ac (1O) bb (18) bb(3) cd (1) bb (17) ce (18) bc (5) de (2) ee (7) (11)22.25kmS.FlaglerCo.line bb (12) bb (1) aa (12) aa (3) aa(34) bc (31) bc (12) ab (25) ab (27) ab (20) cc (17) be (3) ac (2) bb (30) ac(1) cc (23) bb (15) bb (4) cd (2) bc (6) bc (1) ce (15) de (1) ee (3) (12)26kmS.FlaglerCo.Iine bb (9) bb (3) aa (11) aa (2) aa (24) bc (26) bc (1) ab (37) ab (26) ab(30) cc (25) bd (1) ac (3) bb (32) bb (6) be (3) bb (7) cc (22) bc (2) cd (4) ce (20) de (1) and Pgm-A; sample 16: Est-3). As in most of these cases the departure could be explained by one or a few individuals, we suggest that no systematic error in scoring affected our results. Wahlund's Effect (Wahlund, 1928) can result when a population consists of a group of heterogeneous subsamples. If there is heterogeneity in allele frequencies
bb (1) bc (18) cc (41) ab (1) bb (5) bc (18) be (2) cc (32) cd (1) ce (1) aa (6) ab (22) ac (5) bb (15) bc (11) cc (1) aa (1) ab (1O) bb (49) aa ( These results suggest that allele frequency heterogeneity exists between samples of the nominal species.
As another measure of population differentiation, hierarchial F-statistics (Nei, 1978) were calculated for two slightly different single-level hierarchial models. In one model, we considered samples of each nominal species to represent colonies of a subpopulation of the total. In this case, samples 1-6 represented F. majalis and samples 7-20 represented F. similis. For this model 25.3 per cent of the total genetic variation arose from differences between the nominal species (FST) whereas most of the genetic variation (59.2 per cent) was contained within samples. In a second model, we subdivided the total population as described by the phenogram into four subpopulations (samples 1-6, 7-10, 11-14, and 15-20) . As we would expect, the proportion of gene differentiation between subpopulations increased to 36.8 per cent whereas the genetic variation contained within samples remained at 59.2 per cent. These results suggest that samples included in clusters in the phenogram (Fig. 2) are homogeneous and differentiated from other clusters.
Finally, as measures of gene flow between samples, we estimated Nm from Wright's F-statistics (Table 3) calculated for the entire sample, and the number of migrant individuals per generation by Slatkin's (1985) and Lewontin's (1974) methods. Our Slatkin estimate was based only on samples through the zone of transition between the two nominal species. In this zone, we estimate that in excess of 100 individuals per generation migrate between populations. As an Nm greater than 0.5 is generally considered sufficient to counteract genetic divergence due to genetic drift (Wright, 1931) , there is no apparent impediment to gene flow between species through the zone of transition. Other estimators of Nm (Lewontin, 1974) based on all 20 samples suggest estimates ranging from 0.632-1.088. Again, even when all 20 samples are considered, we can find no evidence to suggest any impediment to gene flow.
The use of disequilibrium estimates has been recently promoted as a particularly insightful means to investigate 'disturbing forces' within populations (Weir & Cockerham, 1989) , especially within hybrid zones (Barton & Hewitt, 1989; Szymura & Barton, 1991) . A total of 1200 disequilibria was estimated (20 populations x 10 pairwise comparisions X 6 types of disequilibria). Of these, most were not significant. A total of 50 (about 4 per cent) of the 1200 exceeded the critical x2' which is what one would expect by chance alone. From this we conclude that there are no significant disequilibria. Figure 3 shows the pattern of variation of disequilibria from north to south across the hybrid zone, Visual inspection of the figure clearly indicates higher variation of disequilibrium estimates within the hybrid zone than either north or south of the zone. Of the 50 disequilibrium estimates that were significantly larger than zero, 36 were within the hybrid zone.
Inspection of Fig. 3 indicates that disequilibria are likely to be both highest and lowest within the hybrid zone. To test this hypothesis we have transformed all disequilibrium estimates to their absolute values and 
Discussion
For each of the five polymorphic loci examined, we could choose a particular allele that represents the most common in each presumed species and follow its change in frequency through the study area. In Fig. 4 we chose the most common allele for each locus in F. Disequilibria were generated using the methods of Weir & Cockerham (1989) . (Endler, 1977; Hewitt, 1989) .
Several studies, including Karl & Avise (1992) , DiMichele et al. (1991) and Brown and Chapman (1991) have shown that allelic isozymes are often adaptive and thus subject to selection. With only minor exceptions, genotypic frequencies in the Flagler County area and elsewhere throughout the range of sample collections are in Hardy-Weinberg equilibrium. It is possible for genotypic frequencies to be in Hardy-Weinberg equilibrium in a hybrid zone, especially if the hybrid zone is maintained by selection. Barton & Hewitt (1985) point out that in the bulk of the literature, a hybrid zone is synonymous with a dine.
They describe two types of dine: dispersal-independent and tension zones. Dispersal-independent dines That variance in disequilibria increases suggests dispersal of parental genotypes through the zone. That most disequilibria are not significant suggests that these parental genotypes are freely mixing within their new settings. The absence of significant disequilibria does not support the hypothesis that a tension zone exists in the Flagler County area. Instead, the dine seems to be of the dispersal-independent type. Thus, our data support Relyea's (1983) hypothesis that F. majalis and F. si,nilis are synonyms.
Historically, there have probably been one or more secondary contacts between two allopatrically differentiated forms, F. majalis, a northern Juncus-Spartina marsh form and the nominal F. similis, a southern mangrove marsh form (although F. similis does occur in Juncus-Spartina marsh in the northern Gulf of Mexico). We speculate that during a previous interglacial epoch when southern Florida became too warm to support a common ancestor to these forms, populations became isolated from each other, one in the northern Gulf of Mexico and the other along the eastern seaboard. Differentiation of these two allopatric populations ensued with the nominal F. similis adapting to the environment of the Gulf of Mexico and the nominal F. majalis adapting to the environment of the eastern seaboard. Subsequent glaciation and associated climatic cooling displaced the distributions of each southward. Avise (1992) summarizes the effects of Pleistocene glaciations on the biota of the southeastern USA). Populations of F. similis then dispersed around the southern tip of the Florida peninsula and up the Florida east coast, and eventually recontacted the more northern Atlantic form, the nominal F. majalis, somewhere on the east coast of Florida. Evidence of that contact is seen now in the Flagler County area. Apparently the two populations were incompletely differentiated and hybridization between the two previously allopatric forms occurred. The selection pressures that resulted in the original differentiation apparently persist today as evidenced by the dlinal variation in allele frequencies through the contact zone (Fig. 4) . Clinal variation in allele frequencies in estuarine cyprinodonts may be quite common. Within the distribution of F. heteroclitus, Powers et al. (1986) found sharp dines in gene frequency, a complete shift from a northern allele to a southern allele within one degree of latitude. This is not an isolated case of secondary contact through eastern peninsular Florida.
Similar cases have been documented for: Fundulus heteroclitus-F. grandis (Duggins et a!., 1989) , Menidia menidia and M. peninsulae (Duggins et a!., 1986) , Syngnathus (Herald, 1965) , Brevoortia (Dahlberg, 1970) , Chasmodes (Springer, 1959) , Spheroides (Shipp & Yerger, 1969) and the stone crab, Menippe (Bert & Harrison, 1988) . The case of the stone crab also parallels this case in terms of morphological characteristics. In each case, coloration and pattern change through the contact zone. In our case, females of the nominal F. majalis have vertical bars as juveniles and as the fish matures the bars become longitudinal. Juvenile and adult F. similis females have vertical bars. Females in Flagler County display variable phenotypes. Some have close to a typical 'majalis' or 'similis' pattern, others have vertical bars as juveniles, and a series of dots, dashes and irregular markings as adults (Relyea, 1983 ).
Although we collected mostly juvenile individuals, in the few female adults sampled we found no obvious correlation between pigmentation pattern and genotype. Our sample was too small to allow statistical tests.
In conclusion, the clinal pattern of genotypic frequencies, width of the genotypic dines, Nm values and the absence of significant disequilibria indicate that there are no barriers to gene flow throughout the range of this species complex. The hybrid zone between Fundulus majalis and F. similis in the Flagler County area is in an area of rapid ecological transition which results in rapid shifts in genotypes and morphology. The dispersal-independent dine of this hybrid zone is probably maintained by selection against the morphological and physiological characters associated with the different habitats. This hybrid zone could perhaps be best termed an ecological hybrid zone.
